Abstract-A new method is proposed for dominant polezero analysis of large linear circuits containing both lumped and distributed elements. This method is based on a multipoint Pad6 approximation. It finds a reduced order s-domain transfer function using a data set obtained by solving the circuit at only a few frequency points. The proposed method yields more accurate computation of transient and frequency responses with respect to the AWE-type techniques.
I. INTRODUCTION
Asymptotic waveform evaluation (AWE) is an efficient technique that is used for dominant pole-zero approximation [l] [ 2 ] . It employs a form of Pad6 approximation to approximate the behavior of the higher order linear circuit with a reduced order model. The first few terms of power series expansion of the reduced order transfer function are matched to the moments and the Markov parameters of the actual circuit, which can be computed efficiently by a set of simple dc analyses. Actually the moments and the Markov parameters result from a Taylor series expansion of the circuit response about s = 0 and l/s = 0, respectively. It is then obvious that the moments convey information about the low-frequency characteristics of the circuit, while the Markov parameters can only represent the high-frequency behavior. However, for some applications, specifically in RF and microwave circuits, the mid-frequency range is more important. Hence, we need to make use of the information obtained from the mid-frequency characteristics of the circuit to find a better approximation.
In this paper, we propose a new order reduction technique that gives more accurate results with respect to the conventional AWE technique. In the proposed approach, the circuit matrix is solved a few times in the frequency range under consideration. The derivatives of the network function with respect to complex frequency are obtained efficiently from these the solutions. By using these derivatives at different complex frequency points, a multipoint Pad6 approximation is performed in order to obtain a reduced order s-domain network function. Poles and zeros (or poles and residues) can be found from this rational network function using standard techniques.
THE METHOD
Consider a linear system modeled by a set of linear algebraic equations in the Laplace domain,
where T is the system matrix, the vector x is the system response and the vector w is the system excitation. In general, the system matrix T is an arbitrary function of complex frequency s. Let the system output be any linear combination of the system response, 
F ( s ) =
Since there are 2q parameters to compute in the reduced model, we need 2q constraints from the actual circuit. In the AWE technique 2q unknowns are calculated by matching the first r moments and the first (2q -r ) Markov parameters of the original circuit to the approximate rational function.
In this work, we propose a method which uses a data set obtained from the circuit to-construct the approximate s-domain rational function, F ( s ) . This data set contains the translated moments obtained at different complex frequency points. In the following, we present the evaluation of the translated moments and how to match them to a rational function.
Translated moments
equations.
The system response X ( S ) in ( l ) , can be expanded in Taylor series at s = SO as:
provided that X ( S ) is analytic at s = SO. The coefficient X k in (5) Once the coefficients of the rational function are obtained from the above set, the poles and zeros (or poles and residues) can be found from the polynomials of the rational function using standard techniques.
Multipoint moment matching
The one-point moment matching technique can be extended to the multipoint case as follows: i-Select m frequency points on the s-domain.
ii-Calculate pi moments at the ith frequency point for i = 1, .., m , such that ELl pi = q. With the addition of the conjugates of these q moments, the number of constraints obtained from the circuit equals to the number of unknowns in the reduced (qth) order s-domain network function.
iii-Solve the system of 2q x 2q linear equations which is constructed by taking the first 2pi equations from the ith equation set for i = 1, .., m.
As a summary, the coefficients of s-domain rational function are found by solving a 2q x 2q linear equations system. It corresponds to inversion of a real matrix of size 2q x 2q which has a complexity of O((2q)3). Although there exist some other algorithms of 0((2q)2) to obtain the coefficients of the rational function [3], our experience suggests that the direct inversion of the real matrix yields better results than the methods mentioned in Ref.
[ 3 ] , in terms of numerical accuracy.
Formulation of the Circuit Equations
Assume that the given circuit contains linear lumped components and linear subcircuits. The subcircuits may The derivatives of the admittance matrices of the subcircuits are given in Ref. [4] . pass-band region. The step response of the filter circuit is computed by the new method for two different orders of approximations as indicated above. The results are shown in Fig. 3 along with the HSPICE result for comparison. The one-point approximationis very close to the actual response, while the three-point approximation is virtually indistinguishable from it.
Examples
The second example is a low-pass filter implemented with transmission lines. The exact frequency response of the filter is shown in Fig. 4 . In the same figure, we also give the 10th order AWE approximation. The step response of the circuit corresponding the 10th order AWE approximation is given in Fig. 5 together with the HSPICE response. As it is seen from Figs. 4-5, the AWE method approximates the low-frequency characteristics of the circuit very well, but it is not able to detect the repetitions of the frequency response and therefore the high frequency transients. However our method, using a threepoint moment matching (m=3, SI = 4 GHz, s~ = 16 G H z , s~ = 32 GHz, p l = 8, p:! = 10, p3 = 12), finds all the details of the both responses (solid lines in Figs. 4-5) .
CONCLUSIONS
A new order reduction method for linear circuits has been presented. This method uses a multipoint Pad6 approximation to find a reduced order s-domain network function. In other words, it computes approximate poles and zeros (or poles and residues) for the given circuit. The obtained poles are not necessarily low-frequency approximations as it is the case in AWE. Consequently, while this method preserves the efficiency of AWE, it improves its accuracy.
